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BACKGROUND OF THE INVENTION 

Field of the Invention 

The invention relates to an apparatus for simultaneous OTM demultiplexing, 
electrical clock recovery and optical clock generation, and to an apparatus for optical 
clock recovery, using a traveling-wave electro absorption modulator. 
Description of Related Art 



2 

Demultiplexing, add/drop, regeneration, clock recovery and synchronization are 
the key functions required within an optical time-division multiplexing (OTDM) network 
node. The ability to demultiplex a single channel from a high-speed OTDM data stream 
and achieve clock recovery to ensure correct synchronization of all data channels is 
5 significant at a network node for further switching and detection processes. It is 

desirable to simultaneously perform demultiplexing and clock recovery using a single 
device to reduce the cost and complexity of the network node. However, the possible 
problems of the ambiguity and the crosstalk could occur in the single one device that is 
employed for multiple different purposes at the same time. 

1 0 Examples of prior attempts to implement simultaneous demultiplexing and clock 

recovery were made by B. Mikkelsen, Q Raybon, R.-J. Essiambre, "l60Gb/s TDM 
Transmission Systems," Paper 6.1.1, pp.125-128, ECOC 2000, and J. Yu, K. Kojima, N. 
Chand, "Simultaneous Demultiplexing and Clock Recovery of 80Gb/s OTDM Signals 
Using a Tandem Electro-absorption Modulator," PDI, pp*2-3, LEOS 2001. 

1 S The ability to generate an optical clock from a high-speed optical time-division 

multiplexed (OTDM) data stream and ensure correct synchronization is significant in an 
OTDM network node for all-optical 3R regeneration. However, usually, it is necessary 
for realizing optical clock recovery that an additional photodetector is required to detect 
the data information and an additional pulse generator is required to produce the optical 

20 clock. 

FIG 1 5 shows a third example of the related art where discrete components for 
optical clock recovery are used. Data light, which is light having data therein, comes in 
through a fiber to a clock recovery device (CR). The CR has a function of a 
photodetector and produces an electrical clock signal. The electrical clock signal is 
25 supplied to an external intensity modulator (MOD). One example for the MOD is a 
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TW-EAM. On the other hand, a laser diode (LD) radiates a laser beam to the MOD 
where the laser beam is modulated by the electrical clock signal. As a result, the MOD 
generates an optical clock signal. 

FIG 1 6 shows a fourth example of the related art where discrete components for 
5 demultiplexed data recovery are used- Data light signal having a bit rate of 40 Gb/s 
data stream impinges on a photodetector (PD) and an electroabsorption modulator 
(EAM). In response to the data light, the PD produces a photocurrent to be supplied to 
a phase-locked loop (PLL), which in turn outputs an electrical clock. The electrical 
clock has a frequency derived by dividing a fundamental frequency of the bit rate of the 

1 0 data stream by, for example, 4, namely 10 GHz that is applied to the EAM. The EAM 
produces a bit rate of 1 0 Gb/s data stream. Also in the fourth example, discrete 
components of the PD and the EAM are used. 

Clock recovery for a signal other than a traveling wave can be explained by, for 
example, Japanese Patent Publication Hei 11-38371 disclosed February 12, 1999 

15 (Japanese Patent Application Hei 9-189748 filed July 15, 1997). The Publication uses 
pulsed light as an input signal to be fed into a semiconductor light modulator. The 
modulator generates a photocurrent that is applied to a circulator. Regarding pulsed 
light other than a traveling wave, a circulator is used, but is expensive. On the other 
hand, a traveling wave does not need an expensive circulator. In addition, a traveling 

20 wave can be used to produce an electrical clock that is accurately synchronized with the 
traveling wave. 

Although a TW-EAM is used as a MOD, the TW-EAM is used to only absorb 
and pass incoming light, Le., is used to modulate the intensity of the incoming light 

Thus, there is a need for one device with respect to a traveling wave that has the 
25 functions of both a photodetector and a modulator, and extracts a clock in incoming data 
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light in addition to absorption and passing of the data light. 

SUMMARY OF THE INVENTION 
The invention is a new compact scheme of simultaneous demultiplexing, 
5 electrical clock recovery and optical clock generation for OTDM signals. The invention 
described herein presents a new concept of utilizing independent electrical frequency 
division to fulfill simultaneous demultiplexing, electrical clock recovery and optical 
clock generation in the same one traveling-wave electroabsorption modulator 
(TW-EAM) without the ambiguity and the crosstalk problems. The photocuirent of the 
10 TW-EAM is employed to detect the data information, and then different independent 
electrical frequency components are simultaneously used for recovering the electrical 
clock through a phase-lock loop (PLL), demultiplexing and optical clock generation, 
respectively. Accordingly; the TW-EAM works simultaneously as a photodetector, a 
demultiplexer, and an optical pulse generator The invention exploits the devices 
1 5 multiple functionalities that allow the number of high-speed components within an 
OTDM network node to be reduced, therefore increasing reliability, whilst also 
substantially reducing costs. 

Furthermore, the invention can be extended to two aspects as follows: 
(1) Although limited bandwidth of the TW-EAM could restrict the bit rate 
20 increase of the incoming OTDM data stream, an assistant mechanism, such as extra 
EAMs or semiconductor optical amplifiers (SOAs), can be introduced to intentionally 
produce the desired tones in the photocuirent of the TW-EAM because the TW-EAM 
only detects the intensity of the incoming OTDM data. Thus, the scheme can be 
extended to the application of ultra-high speed OTDM system. 
25 (2) More functionalities in a single TW-EAM could be achieved simultaneously 
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when the dimensions of the TW-EAM such as bidirectionality and states of polarization 
are further employed. 

Moreover, the invention is another new scheme to achieve optical clock 
recovery that the photocurrent in a traveling-wave el ectro absorption modulator 
5 (TW-EAM) is used to detect the data information and then the recovered electrical clock 
from a phase-lock loop (PLL) is employed to modulate the TW-EAM 

The invention exploits the low-cost implementation of optical clock recovery by 
using a TW-EAM with two electrical ports and two optical ports wherein the TW-EAM 
can work as a photodiode and pulse generator simultaneously. On one hand, the 
1 0 photocurrent of the TW-EAM detects die data information that is then employed for 
recovering the electrical clock through the PLL. On die other hand, the electrical 
recovery clock is used to modulate the TW-EAM and generate an optical clock at another 
wavelength. Accordingly, the TW-EAM works as a photodiode and a pulse generator 
simultaneously so that the number of the required components for optical clock recovery 
1 5 can be reduced, thereby substantially reducing the cost. 

Further aspects of the invention will be brought out in the following portions of 
the specification, wherein the detailed description is for the purpose of fully disclosing 
preferred embodiments of the invention without placing limitations thereon. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

FIG 1 is a schematic diagram for illustrating a general function of the invention. 
FIG 2 is a schematic diagram for illustrating a basic configuration and principle 
of operation of one embodiment of the present invention. 

FIG 3 is an RF spectrum of a photocurrent from TW-EAM under 40 Gb/s data 

25 input 
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FIG 4 shows a locking range under 40 Gb/s input. 

FIG 5 shows bit-error-rate results with transmitter clock and recovered clock. 
FIG 6A , shows SSB noise spectra for transmitter clock* electrical recovered 
clock and generated optical clock. 
5 FIG 6B shows a corresponding RF spectrum at 1 kHz RBW. 

FIG 7 shows a modified scheme for an application of ultra-high speed OTDM 

signals* 

FIG 8 shows bit-error-rate results with transmitter clock and recovered clock. 
FIG 9A shows SSB noise spectra for transmitter clock, electrical recovered 
1 0 clock and generated optical clock. 

FIG 9B shows a corresponding RF spectrum at I kHz RBW. 
FIG 10 is a schematic diagram for network architecture of one embodiment of 
the invention. 

FIG 1 1 is a schematic diagram for one preferred embodiment of the invention 
15 using a four-port TW-EAM. 

FIG 12 shows an RF spectrum of a photocuirent from the TW-EAM under 40 
Gb/s data input. 

FIG 13 shows a locking range under 40Gb/s input. 

FIG 14 shows a 40 GHz recovery electrical clock for 40 Gb/s OTDM data input. 
20 FIG 15 shows a third example of the related art where discrete components for 

optical clock recovery are used. 

FIG 16 shows a fourth example of the related art where discrete components for 
demultiplexed data recovery are used. 



25 



DETAILED DESCRIPTION OF THE INVENTION 
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The invention presents a new scheme for simultaneously OTDM signal 
demultiplexing, electrical clock recovery and optical clock generation using single one 
TW-EAM in order to reduce the cost and complexity of the network node. Except that 
the TW-EAM works as a compact demultiplexing receiver, another possible application 
5 is to convert high bit rate OTDM data to low bit rate, 

FIG 1 is a schematic diagram that illustrates a general Amotion of the invention. 
The ability to convert all channels of a high-speed OTDM data stream to a low-speed 
data stream with correct synchronization is significant at a network node for future 
processing such as from core network to access network* Thus, the relatively low-speed 

1 0 and low-cost equipments can be used for switching and detection purposes even when an 
ultra-high speed OTDM data stream enters the node. Depending on the types of the 3R 
regenerators (all-optical or optoelectric), either generated optical clock or recovered 
electrical clock can be used. 

Referring now to FIG 2, the basic configuration and principle of operation of 

15 one embodiment of the present invention is illustrated. In the embodiment shown, a 
four-port TW-EAM is used- Port 1 and Port 3 are used for the optica) input and output; 
Port 2 and Port 4 are used to extract the clock information from the photocurrent of the 
TW-EAM for the PLL operation and modulate the TW-EAM with the recovered 
electrical clock, respectively. 

20 When a 40 Gb/s OTDM data stream with the wavelength X t enters the TW-EAM, 

its information that is imposed as the intensity modulation is detected by the photocurrent 
of the TW-EAM, which is shown in FIG 3. The 40 GHz tone in the photocurrent 
shown in FIG 3 represents the information of the fundamental frequency of intensity 
modulation of the incoming optical 40 Gb/s data, including the phase. Then, it is 

25 extracted from the photocurrent by a 40 GHz RF band-pass filter (BPF) in a phase-lock 



8 

loop (PLL) for 10 GHz electrical clock recovery. Afterwards, the electrical recovered 
clock is applied to drive the TW-EAM for OTDM demultiplexing after its phase 
adjustment and its RF power amplification. Simultaneously, 10 GHz optical clock with 
wavelength \j is generated during the demultiplexing process when a CW light beam 
5 with X 2 goes through the TW-EAM. It is desirable that the 1 0 GHz optical clock can be 
used to do 3R regeneration or whatever else at a lower bit rate for future processing. 

Note thai it is important that independent electrical frequency division is 
employed to achieve three co-existing functions in an TW-EAM without the crosstalk 
and the ambiguity, i.e., when the 10 GHz recovered electrical clock was used to modulate 

10 the TW-EAM for demultiplexing and optical clock generation, different frequency 

component of 40 GHz tone from the photocurrent was extracted for clock recovery by 
the PLL. Thus, although a mixed signal of 40 GHz and 1 0 GHz electrical signals enters 
the PLL, the 1 0 GHz clock can be easily removed by the narrowband 40 GHz BPF in the 
PLL. So, the TW-EAM works simultaneously as a photodetector, a demultiplexer, and 

15 an optical pulse generator. 

The configuration shown in FIG 2 and principle of operation described in 
connection with FIG 2 represents the preferred embodiment of the invention. The 
locking range of the configuration was measured under 40 Gb/s data input, which is 
shown in FIG 4. About 200 kHz locking range at 0 dBm optical input power and about 

20 700 kHz at 5 dBm optical input power were obtained, respectively. 

FIG 5 shows the bit-error-rate (BER) curves and the eye diagrams. BER 
comparison is done by switching the 10 GHz electrical clock supplied to the TW-EAM 
and the BER tester from the transmitter clock (back-to-back) to the recovered electrical 
clock. 

25 FIG 6A shows single side band (SSB) noise spectra for transmitter clock, 
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recovered electrical clock and generated optical clock. FIG 6B shows a corresponding 
RF spectrum at 1 kHz resolution bandwidth (RBW). As shown in FIGs. 6A and 6B, 
total root mean square (RMS) jitter for the transmitter clock is 0.02731 rad, the electrical 
clock recovered from the PLL is 0.02757 rad and the generated optical clock is 0.02758 
5 rad, respectively. It is obvious that the RMS jitter mainly comes from the transmitter 
clock. The inset waveforms in FIG 6 A show the 1 0 GHz recovered electrical clock and 
generated optical clock. The pulse width of the optical clock is about 14-ps. 

The limited bandwidth of the TW-EAM could restrict the application of the 
scheme to ultra-high speed OTDM system. However, when an assistant mechanism is 

1 0 introduced to intentionally produce the desired tones in the photocurrent, such as 40 GHz 
or 10 GHz, the scheme can be extended to ultra-high speed OTDM application. A 
possible assistant mechanism is to introduce another EAM that is used for demultiplexing 
the ultra-high speed OTDM signals to relatively low-speed OTDM signals that can be 
handled by the TW-EAM. For example, as shown in FIG 7, an extra EAM (EAM 2) is 

1 5 added to demultiplex 1 60 Gb/s OTDM signals to 40 Gb/s and then the demultiplexed 40 
Gb/s OTDM signals enter the TW-EAM (EAM 1). The dominated 40 GHz tone in the 
photocurrent of the TW-EAM is used by the PLL to recover 10 GHz electrical clock. 
Hie 1 0 GHz electrical recovered clock and its fourth times 40 GHz electrical clock are 
used to demultiplex 40 Gb/s and 160 Gb/s OTDM signals in the EAM 1 and EAM 2, 

20 respectively. When an extra CW light beam with wavelength %z and with X3 enters the 
EAM 1 and EAM 2, respectively, both 10 GHz and 40 GHz optical clocks can be 
generated at the same time, which can be used to do 3R regeneration at a lower bit rate. 
Furthermore, in using counter-propagation scheme, the clock wavelength can even be the 
same as the OTDM data wavelength. 

25 FIG 8 shows die BER results of simultaneous demultiplexing and clock 
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recovery for 160 Gb/s OTDM signals. Error free operation and as low as 0.5 dB power 
penalty were obtained, respectively. 

FIG 9 A shows SSB noise spectra for transmitter clock, electrical recovered 
clock and generated optical clock. FIG 9B shows a corresponding RF spectrum at 1 
5 kHz RBW, As shown in FIGs. 9A and 9B, total RMS jitter for the transmitter clock is 
0.02693 rad, the electrical clock recovered from the PLL is 0.02697 rad and the 
generated optical clock is 0.02715 rad, respectively. Also, it is obvious that the RMS 
jitter mainly comes from the transmitter clock. The inset waveforms in FIG 9 A show 
the 10 GHz recovered electrical clock and generated optical clock. 
] 0 The present invention is advantageous since the TW-EAM can work 

simultaneously as a photodetector, a demultiplexer, and an optical pulse generator. 
Photocurrent of TW-EAM and independent frequency division make it feasible to 
achieve three co-existing functions in a TW-EAM without the crosstalk and the 
ambiguity. 

15 Furthermore, the scheme can be extended to two aspects: (1) Although limited 

bandwidth of the TW-EAM restricts the bit rate increase of the incoming OTDM data 
stream, an assistant mechanism can be introduced to intentionally produce the desired 
tones in the photocurrent of the TW-EAM because it only reflects the intensity of the 
incoming OTDM data. Thus, the scheme can be extended to the application of 

20 ultra-high speed OTDM system. (2) More functionalities in a single TW-EAM can be 
achieved simultaneously when the dimensions of the TW-EAM such as bidirectionality 
and states of polarization are employed. 

The invention presents another new scheme for optical clock recovery by 
combining a TW-EAM and a PLL. The generated optical clock has many applications, 

25 such as all-optical 3R regeneration. FIG 10 shows the network architecture of one 
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embodiment of the invention for all-optical 3R regeneration. 

FIG 1 1 is a schematic diagram for one preferred embodiment of the invention 
using a four-port TW-EAM, and shows a configuration and principle thereof In this 
embodiment, Port I and Port 3 are used for the optical input and output; Port 2 and Port 4 
5 are used to extract the data information from the photocurrent of the TW-EAM for the 
PLL operation and to modulate the TW-EAM with the recovered electrical clock, 
respectively. 

When a 40 Gh/s OTDM data stream with the wavelength A,, enters the TW-EAM, 
its information that is imposed as the intensity modulation is detected by the photocurrent 

10 of the TW-EAM, An RF spectrum of the photocurrent is shown in FIG 12. The 40 
GHz tone in the spectrum for the photocurrent shown in FIG 12 represents the 
information of the fundamental frequency of intensity modulation of the incoming 
optical 40 Gb/s data, including the phase. Then, it is extracted from the photocurrent by 
a 40 GHz RF band-pass filter in a phase-lock loop (PLL) for 40 GHz electrical clock 

1 5 recovery. Afterwards, the 40 GHz electrical recovery clock is applied to modulate the 
TW-EAM after its phase adjustment and its RF power amplification. When a C W light 
beam with wavelength Xz goes through the TW-EAM, a 40 GHz optical clock with %i is 
generated. 

The locking range of the configuration shown in FIG 1 1 was measured for a 40 
20 Gb/s data input, and the results are shown in FIG 13. About 200 kHz locking range at 0 
dBm optical input power and about 700 kHz at 5 dBm optical input power were obtained, 
respectively. 

FIG 14 shows a 40 GHz recovery electrical clock when 40 Gb/s OTDM data 
enters the configuration. 
25 The invention is advantageous since die TW-EAM can work simultaneously as a 
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photodetector and an optical pulse generator: (1) the photocurrent of the TW-EAM 
detects the data information which is then employed for recovering the electrical clock 
through the PLL; (2) the recovered electrical clock is fed to modulate the TW-EAM and 
generate an optical clock with another wavelength. Therefore, it is possible in the 
5 future to reduce the number of the required components for lightwave functions therefore 
substantially reducing the cost. 

While preferred embodiments of the invention have been described and 
illustrated above, it should be understood that these are exemplary of the invention and 
are not to be considered as limiting. Additions, omissions, substitutions, and other 
1 0 modifications can be made without departing from the spirit or scope of the present 
invention. Accordingly, the invention is not to be considered as being limited by the 
foregoing description, and is only limited by the scope of the appended claims. 



